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Spin Relaxation in Free Radical Solutions Exhibiting Hyperfine Structure* 
J. P. LLOYDf AND G. E. PAKE 

Department of Physics, Washington University, Saint Louis, Missouri 
(Received Janualy '"   'vS4) 

Experimental  studies  of  spin-lattice  relaxation  in  aqueous 
rvu^x °f ?C frCe radical Pe"«ylamine disulfonate ion, 
UNlbO!), -, have been made in 6elds near 30 oersteds. The 
continuous wave saturation technique was useci to study the 
transition F=§, w„=_j_f=§) mj,= _J> fo, which ^ fre. 
quency was 60 Mc sec-'. Because the hyperfine interaction of the 
unpaired electron with the N» nucleus leads to six unequally 
spaced energy levels, a unique relaxation time cannot be defined 
A general treatment of the saturation method leads to definition 
of the relaxation probability, which reduces for a svstem with two 
energy levels to the reciprocal of twice the vslaxation time. The 
experimentally measured relaxation probability is found to be 
concentration independent below 0.005 molar in ON(SO,)r" 
approaching an asymptotic value of 2X 10« sec-'. Experiment and 
Iheory both rule out as the source for this relaxation probability 
the interaction of the elc-ctvon moment with the nuclear moments 

of the H,0 solvent molecules, and theory also rules ru> the effect 
of the -V" electric quadrupole coupling to solvent motions; the 
latter can, in principle, effect electron relaxation because of the 
hyperfine coupling between the N» nuclear spin and the electron 
spin. Estimates are made of the iuie piayed by spin-ortit coupling 
and it appears probable that the oi>served relaxaiioi involved 
this interaction. An interesting by-product of the anaivsi? of the 
relaxat on probability is the result that second order's'atistical 
processes, by which an electron spin is first carried with energy 
conservation to an excited Stark level before reaching the ground 
Mark level of opposite spin, may account for the observed rel« xa- 
tion This process is somewhat similar to the Raman processes 
invoked by van Vleck to explain relaxation in the alams, except 
that in Van Vleck's theory the intermediate excited Stark Iev,-1 
is only virtually occupied, without er.srgy conservation 

1. INTRODUCTION 

"T^HE paramagnetic resonance of the peroxylamine 
-I disulfonate ion, ON (SO,),--, even in crystals of 

the potassium salt, is not characterized by the pro- 
nounced exchange narrowing frequently observed for 
*ree radical molecules. It is perhaps attributable to this 
weakness of the exchange interaction that one can 
observe a well-resolved hyperfine splitting from the NM 

nucleus in liquid solutions containing this ion in con- 
centrations even larger than 0.1 molar.' There is, there- 
fore, a range of concentrations over which magnetic 
dipole transitions of the coupled system, electronic 
moment plus nuclear moment, can be observed in fields 
near 10 gauss with adequate signal-to-noise. Measure- 
ments by Townsend2 ha-<'e shown that, in fields up to 
50 gauss and at frequencies between 9 and 120 Mc/sec, 
the Breit-Rabi energy levels for a system with 1=1, 
/=£ apply to the peroxylamine disulfonate ion in 
solution. 

The present work concerns itself with the mechanism 
which i-iaiiiutins the population differential between a 
particular pair of levels participating in resonance 
absorption. This mechanism will also be shown in the 
system at hand to dominate in producing the observed 
line width. The mechanisms of interest in determining 
measured widths of paramagnetic resonances are, in 
general, the spin-spin and spin-lattice interactions, 
which may occasionally be markedly obscured by 
instrumental effects. The advantages of working in low 
fields (~30 gauss) are twofold. First, the individual 
hyperfine components become only a fraction of a gauss 
wide at concentrations below about lO"2 molar. In the 

* Assisted by the joint program of the U. S. Office of Naval 
Research and the U. S. Atomic Energy Commission. 

* Now at Shell Oil Company, Houston, Texas. 
1 Pake, Townsend, and Wcissman, Phys. Rev. 85, 682 (1952). 
' Townsend, Weissman, and Pake, Phys. Rev. 89, 606 (1953). 
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magnetic fields of several thousand gauss which corre- 
spond to microwave frequencies, care must be exercised 
to assure that field inhomogeneities over the sample do 
not mask the true line width. However, if Helmliolte 
coils or a solenoid are used in producing the 30-gauss 
field, no effort at all is required to keep inhoinneeneities 
below 10-2 gauss over a sample of several cubic centi- 
meters volume. A second advantage is more compelling. 
To separate non-negligible spin-spin processes, if any, 
from the spin-lattice interactions limiting the lifetime 
of a spin state, one needs to know the spin-lattice 
relaxation  time.  While  this can be measured with 
difficulty at microwave IIWI>I«»WMM. 3.4 •;^-.........  
ators with adequate power are not present!*- «.w.;'.i.ble 
in this laboratory, and the techniques, in au> e\eiU, 
are not as easily applied as those using lumped param- 
eter circuits. 

The Hamiltonian function describing the interaction 
leading to the hyperfine structure i >' 

3C=SJ^oJ,+al-J~gIlioH<iI, (1) 

where gj is the spectroscopic splitting factor for the 
free radical; for a free electron g.r= gt~2.0023. The 
magnitude of the Bohr magneton is (i0, and the anti- 
paralleliity of / and the magnetic moment of the 
electron is explicitly taken into account by the positive 
sign preceding the first term of (1). Z70 is the applied 
external field, and a is the hyperfine coupling constant. 
Since we take gT as'the nuclear g factor referred to the 
(positive) Bohr magneton Mo, it is the conventional 
nuclear g divided by M/m= 1836. 

The Breit-Rabi energy levels6 given by the Hamil- 

a.»Cphys.Re^t76;«6ea94?rVard  ^^  (unpubUshed^ 
4.£' B 

S!*neJj1*r and T- S. England, Physica 17, 221 (1951). 
r p MBJC,t 9tL«f 5a.bi' Phys- Rev- 38J 2082 (1931). See also J. E. Nafe and E. D. Nelson, Phys. Rev. 73, 718 (1948) 
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FIG. 1. Breit-Rabi levels for the ON(SOj).- " inns. The transition 
marked is that for which rf saturation measurements were made 
as a function of concentration in aqueous solution. 

tonian (1) for 1=1, J=\ are displayed in Fig. 1. The 
particular transition studied in the present work is 
that between the levels F=§, m,= -| and F=§, 
*nF—— §. This transition has a frequency which in- 
creases monotonically from zero. However, the ratio of 
frequency to field is not effectively constant until large 
enough fields are attained to decouple J from I. In 
order to treat the spin interaction processes later on, 
we reproduce here the wave functions and energies 
which apply to the levels involved in the transition 
marked in Fig. 1. Designating the levels by the numbers 
shown on the right of Fig. 1, we have 

\l>(F,m)-  £  (Fm\mjmi)<t>(mj)x(m), 

*!=*(§ J) = *(*)x0), 
*»=*(!, i)="Ki)x(o)+**(-§)x(i), 
*•=*(§, -h) = c<btiM-l)+d4>(-)t)x(0),     (7) 

*«^*(i, -§)=*(-!)x(-D, 
*i«**(L -3)=c*(-§)x(0)-d>(|)x(-i), 
+*=+(h, !)=a*(-i)x(D-Mi)x(0). 

The coefficients, as functions of x= (gj—gfiwJIa/h&v, 
will be expressed in terms of r= (14-fx-f**)< and 
P=(1 -!*+*»)*: 

1/1     2 x* 1 /l     2 \» 

2    \4    9rV 2 \4    9pV 

1/1 2^\* 1 /l      2\» 

2    \4    9rV ' ~2 \4~ V/ ' 

The "nergy levels of Fig. 1 are given by 

H'f_ui~ -lhAv+g!n(JI(!m 

=bpA^[l + (4/3)w.vf.r2]i.    (4) 

The experiments to be discussed in Sec. 8 involve 
excitation of transitions between levels 3 and 4 of Fig. 1 
at a frequency, 

*43=M-iU-*)+Hi-3*+*2),}+gWVA,   (5) 

r>f 60 Mc/sec, which corresponds to an external mag- 
netic field of about 31.4 oersteds. Values of the coeffi- 
cients of Eqs. (3) for this field are listed below: 

a2= 0.950,   6*^0.050,   c!= 0.903,   ^=0.097, 

x^gjuoH o/hAv= 1.610. 

For the ON(S03)2-- ion, g,/gj^\Q-* and we shall 
usually neglect gi in comparison with gj. 

2.  PARAMAGNETIC  RELAXATION  AND  SPIN 
SATURATION 

Paramagnetic relaxation is the process of energy 
exchange between an assembly of paramagnetic spins 
and its surroundings which permits '.he spin-state 
populations to adjust themselves to the equilibrium 
distribution corresponding to a given magnetic field 
and temperature. It is customary to regard the entire 
paramagnetic sample (solid, liquid, or gas) as a super 
system, composed of two weakly interacting sub- 
systems ; the system of interest or spin system, having 
spin coordinates among its degrees of freedom, and the 
surroundings or lattice system having only orbital 
degrees of freedom. 

It is the weak interaction, 3C.;, between spins and the 
lattice which is the object of relaxation studies. In 
practical cases, the question is one of trying to discover 
which of a number of possibly important spin-lattice 
interactions effects the experimentally observed relaxa- 
tion. In certain examples relaxation has been studied 
experimentally through direct observation of the char- 
acteristic time required for the establishment of spin 
equilibrium (the relaxation time). In other examples, 
particularly if the relaxation time is short, one measures 
essentially the thermal conductivity between the spins 
and the lattice by observing the rate at which energy, 
absorbed by the spins from a laboratory source, is 
passed on to the lattice via the relaxation mechanisms: 
this is the saturation method. 

It is of course quite feasible to cloak such measure- 
ments in thermodynamic terms, as was done by Casimir 
and Du Pr6.« We shall usually confine our approach to 
that of quantum statistics and speak in terms of the 
transition probabilities per unit time induced by ,TC,(. 
Either a direct relaxation time measurement or a 
saturation experiment will be treated in terms of the 

•H. B. G. Casimir and F. K. Du Pre, Physica 5, 507 (1938); 
H. B. G. Casimir, Phyrica 6, 159 (1939). 
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way in which the populations of the various energy 
states are influenced by these probabilities. 

Such an analysis of the relaxation time for an 
assembly of spin \ particles is straightforward ;7 a 
unique relaxation time is easily defined for the establish 
ment of the equilibrium population difference between 
the two spin states accessible to each particle. However, 
a more complicated energy level scheme may not permit 
the association of a single relaxation time with each 
pair of levels between which a population difference 
will exist at equilibrium. An example is the coupled 
system consisting of the odd electron and thz N!4 

nucleus of the free-radical ion ON(S03)2__. Net only 
are there six unevenly spaced levels, but the selection 
rules permit magneti<~ dipole transitions between all 
but five of the fifteen different pairs of ievels. In general, 
one finds that the approach, from an initially disturbed 
state to the equilibrium level population, is described 
by an expression of the form 

^k(l) = Zibkiexp(-\tt). (6) 

If, after appreciable lapse of time, several comparable 
terms in the sum (6) are dominant, it will be impossible 
to express any population difference involving level k 
with only one exponential term, and there will be no 
single relaxation time. 

The saturation procedure does not suppose a.?.y 
specific mathematical form for the approach to equi- 
librium of the population difference between a pair of 
levels. Transitions are excited between the levels in 
question by means of a laboratory radiation field. 
(We presume throughout this discussion the existence 
of a constant external magnetic field which removes the 
orientation degeneracy of individual spins.) As we 
shall later verify (Sec. 4), the transition probabilities 
induced by the laboratory field are, for practical 
purposes, microscopically reversible, which means that 
the net energy absorption—and therefore also the 
detected rf absorption signal—is proportional to the 
population difference. In the presence of a given labo- 
ratory radiation field, then, a stationary spin population 
distribution will ultimately obtain in which this rf 
absorption is just balanced by the energy carried to Lhe 
lattice through all relaxation processes. (As taken up 
in Sec. 5, the transition probabilities describing the 
relaxation processes cannot possess microscopic reversi- 
bility if there is to be a nonvanishing population 
differential at equilibrium.) It follcvs that a study of 
relative absorption intensity as a function of the rf 
power level must give direct information about the 
interaction 3C,i which permits energy exchange between 
the spins and the lattice. 

Explicit emphasis should perhaps be given to the fact 
that a given level of saturation is characterized by 
stationarily of spin population, but not, of course, by 
thermal equilibrium.  Indeed, the stationarity exists 

' Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948), 
often referred to hereafter a> BPP. 

only if the thermal capacity of the lattice, which is in 
turn normally in excellent thermal contact with its 
laboratory surroundings, is large. Except at very low 
temperatures, this condition is usually fulfilled. For 
this reason, although there is a steady flow of energy 
into the lattice, we shall speak of a lattice temperature, 
assumed not to change during a given measurement, 
which is essentially a temperature fixed by the sample's 
immediate laboratory surroundings.8 

3. DEFINITION OF THE SATURATION FACTOR  AND 
THE RELAXATION PROBABILITY 

The foregoing description of the saturation procedure 
suggests that a useful quantity in relaxation studies is 
the ratio, 

S»(Hd- (Nk'-X/yiNt-Nj), (7) 

which we shall call the saturation factor. Here A"* is 
the siaiionary population of spin state k with zero or 
negligible rf field present (thus the thermal equilibrium 
value) and AY is the stationary population in the 
presence of an rf field H\. Evidently S#(0)«=1 and 
Sik(co) — 0. For a given input of rf power at spin 
resonance, one expects S,k to depend upon lattice tem- 
perature and the external field in which resonance occurs. 

We now wish to obtain a relationship which expresses 
the saturation factor in terms of the laboratory-induced 
transition probability per unit time V,k, and the 
transition probability per unit time U,i, which is induced 
by the spin-lattice interaction 3C,j. We shall let Wjk 
= Ujk-\- V-K denote the proba bility per unit time, due to 
both relaxation mechanisms and the laboratory appa- 
ratus, that a system now in spin state ;' will be found 
at a later time in state k. If there are a total number A' 
of spin systems to be distributed over the » states 
accessible to an individual spin, then the following 
differential equations describe the shifting of the popu- 
lation fractions, Q.=Nj/N, by expressing essentially 
the conservation of systems: 

dQ, n 
- £ {QJV^-QjW*)    [./=!, •••,«].     (8) 

dt 

Under conditions of population stationarity, Eqs. (8) 
become n homogeneous linear equations in the Q's 
which are readily seen to be consistent, since any row 
of their coefficient determinant is obtainable by adding 
the other n— 1 rows. The Q's are of course not all 
independent, for if «— 1 of them are known, the wth is 
determined. Thus the system of equations may be 
solved by replacing any one of the » homogeneous 
equations, 

*-i 
**7 

•»], W 

• In the early unsuccessful attempt of Gorter to observe nuclear 
paramagnetic resonance, the small change of lattice temperature 
during application of a strong rf field at the Larmor frequency 
was to be the means of detecting the nuclear spin resonance 
[C. J. Gorter, Physica 3, 995 (1936)]. 
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(10) 

which express the reversibility of Vpq= Vqp= V and 
the fact that the laboratory source induces transitions 
between states p and q only. 

To determine the saturation factor Sqp, we require        For simplicity, let us arbitrarily number the states /> 
the difference Apq=Qp—Qq under the conditions, and q, between  which  the radiation  field produces 

W k~ O k LQP^ "k^poj] transitions with the probability '/, by the numbers 1 
w'pq=Upt+V J k (11)    and 2. Then, substituting Q2=A2,+Qlt one obtains 
Wqp=llqP+V J the following equations: 

QlUn+V-iV+T. Uu)l+An(Un+V)     +Q,Un+---+Q»Umt-0, 

Ti 

t k • • 

QlWtm+VtJ + A2iUi„ +QtUtm+---+Q.Uum=0, 
(12) 

UliUu+Utn) + A.il/«. + Q»Utn- • -QnZUnk = 0. 
k 

Noting that V, by virtue of its practical microscopic 
reversibility, appears only in two positions in the second 
column, one can eliminate one V term by replacing, 
for example, the second equation by Eq. (10). If one 
then solves for An by expanding determinants in terms 
of the cofactors of the second column, he obtains 

probability, W R: 

AJ, = CV(£ UuCik+V-C2l+Cn), (13) 

where Cu is the cofactor of the second column element 
in the feth row. For a spin system in thermal equilibrium 
at room temperature, A»i~(£»— E\)/kl=hv/kT. For 
magnetic dipole transitions which would occur at radio- 
frequencies between 1 Mc/sec and 30 000 Mc/sec, ASi 
ranges between .0~7 and 5X10-*. Then Eq. (13) indi- 
cates that E*»<t UtkCtk must exceed CM by a factor 
at least 200 (and, for the experiments of Sec. 7, by 10'). 
Hence CM can be dropped from the denominator of 
Eq. (13), and one finds Slt= A21(F)/A,i(0) to be 

OlJ — 1+ 
V 

£/Si+C2r» E £/~2*C„ 

(14) 

This may be compared with BPP's Eqs. (13), (4), and 
(33) to show that our result reduces to theirs when 
there are just two leve!s. Although a system of many 
levels without special selection rules does not generally 
admit to definition of a single relaxation time for a pair 
of levels, the coefficient of V hi Eq. (14), which for a 
two level system is twice the relaxation time 7\, is 
nevertheless the significant quantity indicating the 
potency of relaxation mechanisms which give rise to 
the Ufk transition probabilities. We shall define the 
reciprocal of the coefficient of V to be the relaxation 

WR= £/2i+— E UuCtk. 
C2l*-3 

(15) 

s=ti+v/wRjrl, 

We can thus speak of measuring relaxation probabilities 
in situations where there is no single uniquely defined 
relaxation time.* 

4. THE LABORATORY-INDUCED TRANSITION 
PROBABILITY 

Experimental uieasuiei'ient of IVB can be made by 
measuring S for a known rf field and using the result of 
Eqs. (14) and (15), 

(16) 

once we know how V depends upon the rf field. 
The probability V,k is often calculated from the 

sf-ridassical perturbation treatment of radiation," in 
which event one assumes the existence of zero-order 
spin functions «„, which satisfy the eigenvalue equation 

3C.«„= £»«,,, (17) 

and a perturbing interaction, 

3C'=AZ«i°l+e-i<"]=2Acosu>t. (18) 

In our case of particular interest in magnetic dipole 

* To the extent that B.och's phenoraenological equations CPhys. 
Rev. 70, 460 (1946)] adequately represent the motion of the 
magnetization vector associated with a particular spin system, 
the time 7\ describing the exponential decay of that magnetization 
will, of course, be a perfectly useful parameter. However, one 
cannot assert generally that the Bloch 7\ bears any simple 
relationship to the X's of Eq. (6). Special cases in which the 
Bloch parameters are rigorously reMoH to microscopic quantities 
are discussed by R. K. Wangsnsss aad F. Bloch [Phys. Rev. 89, 
728 (1953)]. 

" See, for example, L. I. Schiff, Quantum Mechanics (McGraw- 
Hill Book Company, Inc., New York, 1949), Sees. 29 and 35. 
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transitions, A may arise from an interaction -y-H 
where H is the field of the oscillator used in the labo- 
ratory to cause spin resonance. Then the usuai time- 
dependent perturbation calculation yields the following 
first-order expression for the probability that the 
system, initially in a state j, will be found in state *: 

l«*(OI*~A-*K*Mli)l!—,        ,, -.    (19) 
(<»km — O))2 

For times not too short, 

4 sW[i (««-»)<] 

(l»kj— <o)2 
- = l-8(vk,— v), (20) 

(21) 

and the probability per unit time is 

V^k = h-*\(k\A\j)\*t,{Vki-v). 

If we take 3C'= -Mx(2tf,) cos(a>*) and suppose that the 
spin resonance frequencies of the individual spins of 
the sample are distributed over a finite frequency range 
according to a normalized line shape function g(v), then 

K,*-«r»ff,*|(*|M,|i) |»*M. (22) 

microscopically Thft Vgi, so obtained is of necessity 
reversible, because /*x is Hermitian. 

If, however, the quantum nature of the radiation 
flcid is taken into account, the probability of absorptive 
transition is proportional to the mean number of 
photons n(v) per degree of freedom of the field coordi- 
nates belonging to waves of frequency v. If p(v)dv is 
the energy density of the field per unit volume in the 
frequency range dv, then" 

"(")- P(V). 
8irAv* 

(23) 

The quantum treatment of emission shows it to be 
proportional to »nV)ti, thus including in the theory 
the spontaneous emission probability (w!,«3 «(v) = 0) 
arrived at by Einstein from statistical considerations 
of thermal equilibrium. To test the effective reversibility 
of emission and absorption probabilities, we evaluate 
[wM+lJAM for the signal generator, assuming it to 
produce an rf field of about 0.1 gauss hi a frequency 
interval of at most 100 cycles/sec at 6X107 cycies/sec. 
One finds from Eq. (23) that n(v) is at least 1026. 
Then clearly, to the extent that n(v)+l^n(v), we may 
consider that Vik= Vkj even when the quantum nature 
of our laboratory radiation field is taken into account. 
We shall use for either Vjk or Vkj the semiclassicai 
result (22) which, since it is proportional to Fx

2 and 
includes no possibility of spontaneous emission, must 
correspond to the actual absorption probability. 

"E. U. Oadon and G. Shortley, Theory of Atomic Spectra 
(Cambridge University Press, Cambridg, 1935), p. 80. 

THE TRANSITION PROBABILI1 
EFFECTING RELAXATION 

TES 

The application of perturbation theory to the calcu- 
lation of transitions induced by 3Cti is, in principle, 
straightforward. One treats 3C,, as a perturbing inter- 
action for the zero-order Hamiltonian, 

iK-o—tiCf^-tJCfl, (24) 

where X, and X, are, respectively, the spb and lattice 
Hamiltonians. In practice, however, even the assembly 
of spins, which may often be considered as noninter- 
acting among themselves, offers a highly degenerate 
system for which the orthonormal zero-order linear 
combinations are not known, nor are the normal modes 
for the lattice. The classic example of a serious effort 
to take into account the normal modes for a particular 
lattice is Van Vleck's calculation of the relaxation 
times for titanium and chrome alums.12 

Our experimerts deal with liquids, for which there is 
available almost no information on "lattice" eigenstates. 
Bloembergen, Purcell, and Pound7 have, however, 
obtained excellent results for nuclear paramagnetic 
iclaxation is liquids by approaching the problem from 
the point of view of the correlation spectrum. The 
procedure is effectively one of using the semiclassicai 
perturbation treatment for the effect of an oscillatory 
magnetic field component which might arise through 
translational or rotational motions of the charges 
associated with molecules of the liquid; these frequency 
components are then taken to be distributed according 
to the correlation spectrum. We can illustrate this 
procedure by taking A of our Eq. (18) as a pioduct 
(or as a sum of products), one factor containing 
(lattice) space coordinates and the other dependent 
upon particle angular Trementuir. operators, 

_4 = /(r)^r(I,J). (25) 

Then Eq. (19) becomes 

tf^t=fc-2|/(r)j2| (k\F.p\j)\*6(phi-v).      (26) 

The correlation theory for liquids leads to the conclu- 
sion that |/(r)|2 is distributed spectrally according to 
the intensity,7 

-'(") = <l/(r)|% ^—, ^27) 
1+4TVTC

2 

wl'.ere TC is the correlation time and the average is over 
all time or, equivalently, over all space if /(r) is a 
function of coordinates which vary randomly with 
time. Combining Eqs. (26) and (27), one obtains 

Uik= »r*(| (* | /(r)F,„(I,J) | j) | %;(„*,),       (28) 

where j(v) is the normalised spectrum 

2TC 

jf"W = . (29) 

a J. H. Van Vleck, Phys. Rev. S7, 426 (1940). 

/ 
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We now ask to what extent a proper quantum approach, 
analogous to Van Vleek's for the alums, vouid yield 
significant features not present in this semiclassical 
result. 

Following the procedure of Sommerfeld and Bethe,13 

for example, we would prefer to have quantized the 
normal modes of the lattice. The lattice states would 
then be described by a set of quantum numbers w, for 
the ith mode of elastic waves. The energy of the 
quantized mode is given by (»,+^)Aco„ and energy 
exchange between such rnodes and the spins may be 
described as either emission or absorption of a "phonon" 
of energy fun by the spin system. The formalism is 
quite parallel to that for the radiation field, including 
the fundamental asymmetry between emission and 
absorption. The probability of emission (creation) of a 
phonon of frequency u, by the spin system is propor- 
tional to »,+ l, whereas that of absorption (annihila- 
tion) is simply proportional to »,-. 

If the lattice temperature is T, the mean value of n, 
is 

1 
*«- ; , (30) 

exp(hui/kT)-l 

so that emission and absorption probabilities are in the 
ratio 

U, emission n.-r-l 

V, 
-=exp(iioi,/kT). (31) 

absorption n, 

As with the semiclassical treatment of the radiation 
field, Sec. 4, the semiclassical result (28) is micro- 
scopically reversible and is proportional to the intensity 
of the effective phonon field. We again identify the 
semiclassical result with the absorption probability of 
a full quantum treatment, and the emission probability 
is to be calculated f'ran Eq. (31). Thus, if spin state k 
has greater energy than state j, 

UM- ft-»< | (* | /(r)F„p(I,J) | j) | %/(,„) 
(32) 

Note that Eq. (32) disagrees with BPP's Eq. (30) 
(which is for the special case of spin \). Although the 
BPP equation gives the proper ratio of emission and 
absorption probabilities, each depends upon the zero 
of the energy scale used in measuring Ep and Eq of 
BPP Eq. (29). 

The distinction between solids and liquids, so far as 
application of Eq. (32) is concerned, lies in the selection 
of j{v). It may be, for a solid, the rsormalized Debye 
spectrum of the familiar classical theory of the specific 
heat, or, for a liquid, it may be the correlation spectrum 
(29). The essential parameter in the first case is the 
Debye temperature, whereas in the second it is the 
correlation time. 

u A. Sommerfeld and H. Bethe, Handbuch da Phytik (Springer, 
Berlin, 1933), second edition, Vol. 24/2, p. 500 ff. 

5. DETAILED BALANCE AND SPIN SATURATION 

If spin slate k has higher energy than state j, then 
' '. hermal equilibrium the principle of detailed balance, 

NkVki=NjU,k, Hi) 
combines with Eq. (31) to assure a Boltzmann distri- 
bution among the spin states. 

It is interesting to raise the question whether the 
principle of detailed balance applies to the spin system 
in a partially saturated state. Treatises on statistical 
mechanics often arrive at detailed balance by a classical 
argument, and none which has come to the authors' 
attention is clear in a quantum statistical way on 
whether detailed balance is applicable outside of 
thermal equilibrium. For our particular problem, the 
assumption of detailed balance outside thermal equi- 
librium appears to lead to a contradiction, as is perhaps 
most easily illustrated for three levels between any pair 
of which the selection rules for the interaction effecting 
relaxation permit transitions. 

If A'i, AT
2, and N3 are the level populations, then the 

steady state solution of Eqs. (9) and (10) under condi- 
tions of detailed balance leads to an expression for 
N\—AT2 which can be cast into the form 

Ni-Nt-N- 
WnWn-WnWn 

WnW3t+ W13W23+ WtxWn 
(34) 

Now suppose a monochromatic radiation field inducing 
transitions between 1 and 2 u introduced. Then 
Wn=Un+V and W21=U2;+V will be altered, and 
the other IPs remain simply the corresponding Vs. 
We know experimentally that increasing Vu= V2l = V 
enables us to diminish N\—N2 as much as we please. 
Yet, by assumirg detailed balance, we expressed N\—Nt 
independently of Wu and therefore of V. 

Another way of making this point is to observe that 
detailed balance requires the condition 

Wi2W23W3l= WnWnW», 

which becomes, for no rf field, 

UuU'izU3i= UaUiiUu. 

(35) 

(36) 

If Ki2= Vn= V is impressed with an external radiation 
field, then (35) becomes 

(£/,,+K)tf«tf„= (Un+V)UnU», (37) 

which cannot hold for all V if U21^ Uu. 
Of course, the arguments of this section do not 

include explicit account of direct interaction between 
the rf field and the lattice. Although this is usually 
extremely weak, and is considered not to affect the 
lattice energy states nor their populations, the U's are 
in principle altered by this perturbation and a con- 
vincing demonstration would have to verify that the 
U's are not so altered as to keep Eq. (37) always valid. 
Our argument is essentially that V can be and is made 

u 
• u 
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comparable to or greater than (Ju, whereas the radi- 
ation field-lattice interaction should affect the U's only 
by a very small (negligible, we think) fraction 

In the analysis of Sec. 3, therefore, the simple 
conservation of systems, as described by Eqs. (9) and 
(10), and the assumption that the presence of V does 
not alter the U's are used to obtain the saturation 
factor. There is no question of applying delailed 
balance, since it is violated by these assumptions. 

7. APPARATUS AND EXPERIMENTAL PROCEDURE 

Figure 2 is a block diagram of the apparatus used to 
produce the transitions, detect the resonance, and 
measure the saturation factor 5. The 60-Mc/sec rf field 
is produced in the tank coil of a Colpitts-lype oscillator 
which forms part of a magnetic resonance spectrometer 
similar in design tu i.h<iL of Schuster." Audio amplifiers 
with a total gain of about a million followed the ••eso- 
nance detector and fed a phase-sensitive detector.16 

A 30-cycle signal generator produced a square wave 
reference signal for the phase-sensitive detector and a 
synchronized sinusoid which, after power amplification, 
modulated the Helmholtz coil field of about 30 oersteds. 
This generator also supplied the 30-cycle signal 1o the 
grid of the calibrator,16 a device which essentially places 
the plate resistance of a triode, type 955 in this case, 
across the oscillator tank coil to provide dissipation 
which simulates a nonsaturable signal serving as a 
comparison standard for the paramagnetic sample. 

In order to know the transition probability (22) 
produced by the oscillator for a given sample, one 
requires the half-amplitude Hx o! the rf field at the 
sample. For this purpose a vacuu T. tube voltmeter was 
built into the apparatus to measure the rms voltage v 
across the sample coil. The inductance of the coil, 
which was wound of small flat copper strap to minimize 
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FIG. 2. Block diagram of the experimental arrangement. 

"N. A, Schuster, thesis, Washington University, 1951 (un- 
published). 

" N. A. Schuster, Rev. Sei. Instr. 22, 254 (K'51). 
'• G. D. Watkins and R. V. Pound, Phys. Rev. 82. 343 (1951) 

The authors are indebted to Dr. Watkins for communicating to 
them further information on his work. 

the capacitance between turns, was determined, and 
the ratio of magnetic field to current in the coil was 
obtained by performing an auxiliary resonance experi- 
ment for which a direct current through the coil 
produced the external magnetic field for a still smaller 
coil containing a free radical. The result so obtained 
is that 

H, = 0.022v. (38) 

A typical measurement of the saturation factor might 
proceed as follows. The plate voltage of the oscillator 
is adjusted to provide a low level of oscillation, and the 
calibrator is set to give a signal equal to that obtained 
from the paramagnetic sample. The level of oscillation 
is then increased and a new comparison of calibrator 
and sample signals is made. In generai, the power level 
and changes in the properties of the oscillator circuit 
at the new oscillation level will alter the absolute signal 
intensity, but these changes will affect equally the 
signal from a given di&?ipative load across the coil, 
whether of paramagnetic or calibrator origin, aid the 
relative intensity is meaningful. If the calibrator and 
the sample still produce the same relative signal, then 
5 is still unity and saturation has not set in. The 
oscillation level is then further increased until a curve 
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FIG. 3. Comparison of experimental absorption derivative 
points with the first Jcrivativ* of a Lorentz shtpe function. To 
obtain the entire absorption derivative, the curve shown should 
be reflected in the origin. 

of S versus v, the rms coil voltage, is plotted; by means 
of Eq. (38) such a curve can be converted to S versus Hi. 

The shape function g(v) required to calculate V,k 
from (22) is determined from the measured resonance 
curves at low power (where 5= 1). Since the modulation 
technique is used, the line profile actually measured is 
proportional to the derivative dg/dv. Of course, the 
calibrator triode is supplied with a 30-cycle grid signal 
to provide a standard signal coherent with the phase- 
sensitive detector reference voltage. 

8. EXPERIMENTAL RESULTS 

Aqueous solutions of K2ON(S03)2 are unstable and 
often become Hiamagnetic in a matter of several min- 
utes, the decay products catalyzing the spin-pairing 
reaction. It was found that making the solution about 

u 
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ooo2      0.009     an      o.oz 
MOLAR   CONCENTRATION — 

0.05 

nvr/cA ?' jE*Perimental line width versus concentration of 
ON(SO,)2 ion in aqueous solution. The quantity iH is defined 
in Fig. ^. 

0.1 normal in Na2CO0 st^bilLxs the free radical solution 
in a pH range proper to prevent appreciable deterio- 
ration for several days.'7 In this way, measurements 
were easily made on samples containing various 
concentrations of ON (S03) 2~ - ion. 

All measurements reported here were made at 60 
Mc/sec for the transition (F=;$, mF= -§)<->(?=§, 
"»**=—$), which is transition 4<->3 on Fig. 1. This 
transition was selected because its frequency versus field 
characteristic does not depart sufficiently from linearity 
to complicate width measurements, as may happen for 
those transitions having small dv/dH, and because it is 
reasonably intense. This transition gives, at a fixed 
microwave frequency, the hyperfine triplet which occurs 
in the highest external field. 

Figure 3 graphs experimental points for half of the 
derivative curve of the resonance absorption of a 0.02AT 
aqueous solution of ON(S03)2— at 60 Mc/sec. Also 
placed on the graph field is a curve corresponding to 
the derivative of a so-called Lorentz18 or damped- 
oscillator line shape function. It is seen that the 
Lorentz curve approximates very well to the experi- 
mental points. 

In our analysis of the experimental saturation data, 
we follow BPP, whose equations19 can be adapted to 
show that for our situation (BPP case I: the modulation 
frequency is much less than WR) the decline in the 
derivative extremum under saturation is given by a 
saturation factor, 

_    dX"{Hi)   /<*X"(tfr-0) 

dv /'- dv 
-=[l+l7WV]-'=5'.    (39) 

Note that S' is not a derivative of 5. The value of V 
to be used in this expression is its maximum at the 
resonance center, thui corresponding to the maximum 
value of g{v). For a Lorentz line, g(v)mKX is 1/ir times 
the reciprocal of the half-width bv at half-maximum 
intensity on the unsaturated g(v) curve. If one measures 
experimentally  the  width,   in  magnetic  field  units, 

" We are indebted to Professor Weissman of the Washington 
University department of chemistry for this discovery. 

>• G. E. Pake and E. M. Purccll, Phys. Rev. 74, 1184 (1948). 
» Reference 7, Sec. IV, Eq. (17). The BPP saturation parameter 

S is our V/Wa- 

between points nf extreme slope, the conversion between 
the measured quantity AH and g(v)„,al is, for the 
Lorentz shape function shown on Fig. 3, 

g«,„.,-(4/v3)(-yA/7)-', (40) 

where y=do>/dH is obtained from the (angular) fre- 
quency versus field characteristic for the transition in 
question. The parameter SH of Fig. 3 is, in terms of ihe 
width between inflection points, (v3/2)Aff. 

Figures 4 and 5 plot, respectively, the exDerimental 
values of SB and of the relaxation probability WK 

versus the molar concentration of ON(S03)r ~ ion. At 
concentrations above 0.05JW, the hyperfine structure 
begins to give way to a single i-road line. The lower 
limit of the concentration range is determined by the 
decline in signal sensitivity as fewer and fewer free 
radicals are present in the sample. 

A striking feature of Figs. 4 and 5 is that both the 
line width and relaxation probability appear to approach 
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MOLAR    CONCENTRATION—• 

0.05 

FIG. 5. Experimental relaxation probability WR versus concen- 
tration of ON(SOj)2

__ ion in aqueous solution. 

asymptotically a concentration independent value. The 
relaxation probability, through its limitation of the 
lifetime of a spin state, should contribute an amount 
the order of WR/y to the total line width. The low- 
concentration value of WR/y gives about 0.7 oersted. 
This is quite comparable to the asymptotic low- 
concentration line width of 0.3 oersted, and it indicates 
that the relaxation processes may well determine the 
entire line width. If such is the case, we will understand 
the low-concentration portion of both Figs. 4 and 5 if 
we can explain the concentration independent relaxation 
probability.20 

In order to test the possibility that the nuclear 
moments of the water solvent might provide the inter- 
action which relaxes the free radical spins, the low- 

" Depending upon the relationship which one assumes should 
exist between WR and its contribution to SB, the faei that Wuh 
exceeds &H may cause some concern for the internal consistency 
of our measurements; the line cannot be sharper than the uncer- 
tainty principle would allow. However our procedure of calibrating 
the rf coil (Sec. 7) when it carries direct current is not beyond 
reproach, inasmuch as the current distribution throughout the 
cross section of the coppc. strap at 60 Mc/sec is certainly some 
what different from the dc distribution. Therefore a factor of 
perhaps 2 must be allowed in our absolute values of WR; relative 
values should be good within 10 percent or better. 
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concentration measurements of Figs. 4 and 5 were 
made for solutions of ON(S03)2~~~ in D2(J. Although 
the deuteron magnetic moment is about 0.3 that of the 
proton, the curves for the D2O solution were indis- 
tinguishable from those of Figs. 4 and 5. We thus have 
experimental indication that the nuclear moments of 
the solvent do not provide the relaxation mechanism. 

9. THE SATURATION FACTOR FOR THE 
TRANSITION STUDIED 

In order to compare postulated relaxation mecha- 
nisms with the measured value of WR, we require the 
sxpressicn for WR in terms of the U's for ON(S03)2~~. 
There are six homogeneous equations of the form (9) 
for a system with the energy levels of Fig. 1. For 
magnetic dipole transitions in the radio-frequency range, 
the Boltzmann factors associated with emission CEq. 
(31)] usually depart from unity by less than lO"4. 
Furthermore, BPP finds for water at room temperature 
that TC=4X10

_I!
 sec. In 31.4 oersteds, all transitions 

permitted between the levels of Fig. 1 occur at fre- 
quencies of 107 or 108 sec-1. By Eq. (29), the resulting 
correlation spectrum j{v) is essentially "white" with 
intensity 2rc per unit frequency range. 

Comparison of relative values of the coefficients in the 
six homogeneous equations may therefore be made from 

TABLE I. Nonvanishing matrix elements of Jt and J,connecting 
the energy states of Fig. 1 are tabulated for a value of x corre- 

U„=h-*(f(T)%\(k\*]j)\>2, (41) 

in which the operator function Fop of Eq. (28) is 

U=-gjUoJ+giliol&-&jVioJ, (42) 

and its matrix elements are to be calculated using the 
spin functions (2) which apply for 31.4 oersteds. Such 
nonvanishing values of | ti| Jx\ j) \2 for the r transitions 
and |(A|/j|i)|2 for a transitions are tabulated in 
decreasing order in Table I. 

Magnetic dipole transitions between level pairs 1 
and 3, 1 and 4, 1 and 5, 2 and 4, and 4 and 6 are for- 
bidden. In addition we shall neglect the three weakest 
permitted transitions (3 to 6, 5 to 6, and 1 to 2) in 
solving for S43. Aftei so doing, one finds for St3 an 
equation of the type of Eq. (15) with IV« (43) given by 

fP*(43)-»L'4i+Z/« 

L/2:;L/S5+C/23C/2S+L/26C/36 

V»U»+ UUU«+ U»U„+ U»UU+ VnUn 

(43) 

Here we have dropped "thermal differences," i.e., 
Ujk—Ukj, in comparison with U»; this may be done 
as soon as the equations are placed in a form corre- 
sponding to Eq. (12) and it greatly simplifies solution.21 

u It is useful to note tliat the form of the equations and the 
fact that WR must depend upon quantities of zero order in 
"thermal differences" allows one to set up an analogy with a 
passive network of conductances. Branch point' in the analog 
network correspond to the energy states of the system, and the 
conductance between j and k corresponds to U,k. This is perhaps 
the simplest method for calculating H'« in a particular case. 

the respec ive transition probal ilities  (41) are proportional to 
the tabulated numbers. 

i * l(*U.|»i> l*\J.\tV 

3 5 0.350 
1 6 n nin 

3 4 9.226 
2 5 0.224 
2 6 0.1<X) 
4 5 0.024 
2 

1 
3 
2 

0.023 
0.012 

5 6 0.011 
3 r. 0.001 

The error in dropping the three weak transitions is 
evidently not serious, since the correction to U43 in 
Eq. (43) is, for an isotropic white radiation bath, easily 
shown from the table to be about 10 percent of V<3. 
Errors of 10 percent or so can easily creep into satu- 
ration measurements of WR. 

10. THE RELAXATION MECHANISM AT THE HIGHER 
CONCENTRATIONS 

At the high-concentration end of the curves of Figs. 
4 and 5, one expects ion-ion collisions to effect relaxation 
and WR should be proportional to concentration. 
Experimentally the log-log plot of Fig. 4 approaches a 
slope measurably greater than unity., which effect, if 
real, is unexplained. Measurements are in general diffi- 
cult to make in this region of concentration, since the 
hyperfine splitting is about to blur into a single broad 
line, and ihe tails of the three high-frequency transitions 
overlap appreciably. The true width of an individual 
component line is not easily arrived at under such 
circumstances. 

However, as a check on the mechanism, one should 
obtain an approximately correct order of magnitude for 
WR from the BPP Eq. (50), intended to be used, to 
calculate the contribution to WR for hydrogen nuclei 
through their interaction with neighboring water mole- 
cules : 

W *S* (9/2)TYM<M-
2

>, AV5*r. (44) 

Here 7; is the viscosity, which we take for our solution 
to be that of water at room temperature, about 10-2 cgs 
units. For 0.05 molar, N is 3X10" cm"1 and Eq. (44) 
gives WR= 1.5X107 sec-1. 

The measured value is H/«=i.3X107 sec-1. This is 
probably adequate agreement considering that we have 
made the approximation of free electrons oy neglecting 
the nuclear moment coupling and that we have approxi- 
mated the viscosity of the ON(S03)2~- ion. 

11. INTERACTION WITH THE NUCLEAR MOMENTS 
OF THE SOLVENT 

Although both D20 and H20 had the same effect as 
solvents, we shall estimate the contribution to WR to 

*~4 
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be expected for this mechanism and check the theory 
by noting whether the result is negligible in comparison 
with our measured WH. 

The dipole  interaction  between   the »t!i   hvdrogen 
nucleus of the solvent and the j\h ionic spin is 

Xa W,tM\ •3 (v<-*«)(»*•'<></-'. (45) 

(46) 

(47) 

(48) 

where 
Vi=gmoh,   ^i=~gjiiui,. 

Following BPP, we may write 

3C«« -gtgjuolA+B+C+D+E+Fl, 
where 

A «/„•/„( 1 -3 Les%,)ri,-*, 

B= - »r/+;/_,+7-;/+,](l-3 cos20„>.r3, 
C* - §C-A,y/+,+y+;/„] sine,; cos0,7e-"*''r,;-3, 

#= ~tC/«y/-<+/-//«] sin»v coaBije^irn-*, 

E=-*J+JI+i sin^o*"2* ">„•-•>, 

h'=-\J^jI-i sirMije+^nr*. 

Symbols 7+< and /_/ denote the respective raising and 
lowering operators: /+<=/„+»/„, and /_,,= J„—Uyj, 

As an example, consider the contribution of term E 
from a proton at distance r: 

X(| (3;»/|£|4;«4)|%il j,    (49) 

where 

W' =W3- Slli0Hm/   and    W = Wt - gmHms. 

We denote by 6'm,- the fraction of protons in slate »»,-, 
and by W3 and W« the energies corresponding to the 
levels so numbered in Fig. 1. The nuclear contributions 
to W and W are necessary to conserve energy for the 
transitions, but may be neglected in practice. Therefore 

K(W'-W)/h^2rc, 

as indicated in Sec. 9. 
Apart froii! terms of order gm^/kT (about lO"9 in 

30 oersteds), £»,,,= $ for both spin states of the protons 
within a thin shell at distance r. In order to consider 
all protons of the solvent, whatever the value of r, we 
follow BPP by assuming that Te=r2/\2D, D being the 
diffusion constant, and integrating from the distance of 
closest approach, r0, throughout the solvent. If there 
are No solvent protons per unit volume, the contribution 
of E is 

tf«(*»-*iV«ii4A-«i Z   l(3;>«.'i-y+/+,|4;W,)|! 
mi,mi' 

X<| sin**,,*-**'/1 Wo f r-«(2r»/l 2D)4wt*dr.    (SO) 
Jr0 

Performing the indicated suins and integrations and 
taking the averages of the angle functions, one obtains 

Ut3if:)=iTrgrgjW^~2c-X0/Drl>. (51) 

i he diffusion constant is presumably not quite the same 
as for self-diffusion of pure water. However, we postu- 
late a kind of equivalent viscosity, >;, related to r0I) 
through Stokes law: 

l/Dr0=6hv/kT. (52) 

£/«<*' = Tr2grgjWft~2Xm2/kT. (53) 

For pure water, r,= 10~- cgs units near room tempera- 
lure; lacking any other value, we use this for our 
solution. From Sec. 1, we find c-= 0.903. Finally the 
relaxation probability obtained from Eq. (53) is 

Then 

HV';'H=3X104sec- (54) 

for a dilute aqueous solution of ON(SOj)r~ ion. This 
result is indeed consistent with the conclusion from 
comparison of H20 and D20 as solvents: the interaction 
with solvent nuclear dipole moments is negligible in 
relation to the measured W« of 2X10* sec-1. 

12.  RELAXATION THROUGH  THE  N>< QUADKUPOLE 
MOMFNT 

The odd electron cannot, since it has spin \, possess 
a quadrupole moment. However, the electron is mag- 
netically coupled to the Nu nucleus, and quadrupolar 
interactions between the N" nucleus and fluctuating 
electric field gradients within the liquid can in principle 
relax the electron spins via the magnetic electron- 
nuclear coupling. 

We deliberately overestimate this contribution to 
I*"'* by supposing for argument's sake that the entire 
electric quadrupole interaction of the N14 nucleus with 
fluctuating electric field gradients is effective in relaxing 
the electron spin. Actually such relaxation can occur 
only in low magnetic fields where the coefficients b and 
d entering into the linear combinations (2) of spin 
functions are appreciable. An order of magnitude upper 
limit to W K from this interaction is therefore, following 
Eqs. (28) and (29), 

Wtt~k~-(«Q) O'X (55) 

in which Q is the N14 quadrupole moment and <j> is the 
electric scalar potential at the nucleus. 

Accurate theoretical evaluations of a representative 
component of the electric field gradient have not bee t 
made, even for a rigid lattice, and equally little is known 
about the average square of such a component for a 
liquid. However, Bloeinbergen22 found that the deuteron 
effected nuclear relaxation in liquid D20, and that the 
electric field gradient has a magnitude essentially that 

m N.  Bloembergen,  .hesis,  University of Lieden   (Martinii* 
Nijhoff, The Hague, 1948). 
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at 1A or 2A from an electronic charge. For an estimate, 
we lake sr-3, with r= iA, as the magnitude of d2<j>/dz2. 
The value of Q for N" is about 10~2' cm2. Taking 
Tc^l0-n sec, one finds that H'«~I0+3 sec"1, which is 
again much smaller than the observed value, 2X10' 
sec-1. 

13. THE ROLE OF SPIN-ORBIT COUPLING 

In 1936, Kronig2* proposed that unaccountably short 
relaxation times in certain alums could be explained 
by considering the important role played by spin-orbit 
coupling. The modulation of the spin-spin interaction 
by the lattice vibrations, considered in Waller's pio- 
neering theory'* of spin-lattice relaxation, proved en- 
tirely inadequate to explain observed relaxation times. 
Another possibility, the modulation of the crystalline 
Stark splitting by the lattice vibrations, appears at first 
sight to hold no promise for relaxation in those sub- 
stances which possess only Kramers degeneracy in the 
ground state. However, through the spin-orbit coupling, 
the modulation of the Stark splitting is felt by the spins. 

Van Vleck12 extended and refined Kronig's ideas in 
his calculation of relaxation times for titanium and 
chrome alums. Two processes are distinguished. One, 
the so-called direct process, gives a highly field-de- 
pendent relaxation time which ought to apply at a few 
degrees Kelvin, but was found to be still too large. The 
second, or Raman, process is effective in zero as well as 
in nonvanishing external magnetic fields. It depends 
upon the inelastic scattering of high-energy vibrational 
quanta by the spin systems, with the spin system 
absorbing or emitting a vibrational quantum of very 
low energy relative to the origmal vibration quantum. 
Although this is a second-order process compared to 
the direct process, it is important because the entire 
elastic spectrum, rather than a narrow portion at its 
weak end, is called into play. In fact, the Raman 
process probably dominates at all but the lowest 
temperatures. 

It is a simple matter23 to illustrate the influence of a 
spin-orbit term XL-S on Stark orbitals which possess 
only spin degeneracy. The spin-orbit interaction renders 
incomplete the quenching of orbital angular momentum 
by the crystalline electric field, and, as a result, the 
spectroscopic splitting factor25 departs from the free 
electron value, g.= 2.0023, by an amount the order of 
X/A, where A is the Suuk interaction. 

It is less simple to demonstrate the existence, via the 
Raman process, of relaxation caused by modulation of 
the Stark splitting in the presence of t'.e 3p>a-orbit 
term XL-S. In fact, Kronig's model, as pi.in'.e: .at by 
Van Vleck,"' yields vanishing transition p:.<m::Vhties 
even when pursued to second orde: u. the cibit-is'-'tice 
modulating interaction. The vanisiiUi^ ra iirst cnier is 
to be expected, but that in second order appears to be 

* R. deL. Kronisr, Physica 6, 33 (1936). 
* I Waller, Z. Plysik 79, 370 (1932). 
«• C. Kittel, Phys. Rev. *S, 743 (1949). 

due to a cancellation which would not occur if the 
inherent quantum asymmetry between emission and 
absorption probabilities (see Sees. 4 and 5) were con- 
tained in the calculation. Van Vleck includes this by 
use of quantized normal modes for the cluster of HjO 
molecules about the Ti++ ion, and he finds a non- 
vanishing result in second order (third order in refer- 
ence 10, inasmuch as the zero-order functions used do 
not yet include the effect of the XL S rouplim;). 

In the present problem, we have no knowledge of the 
normal modes of the liquid 'lattice." In fact, the free 
radical ion presents several complications. The ion 
itself is not spherically symmetric. When such is the 
case, as pointed out by Mizushima and Koide25 and 
suggested independently by H. Primakoff, the spin- 
orbit interaction is not simply proportional to L-S. The 
Dirac equation, after elimination of the small compo- 
nent wave functions, yields two interaction terms27 

which may be included28 in the spin-orbit infraction: 

.TC,!,i„ orbit = (grad F) • grad 
4mV 

+ s-[(grad'/)Xpj;    (56) 
4,;iV2 

the potential energy function for the electron is V, s is 
the electron spin, and p is its linear momentum operator. 
A proper accounting of spin-orbit effects would thus 
require use of (56) instead of XLS. 

A second complication is that, for ihe ON(S03)2~~ 
ion in aqueous solution, we may justifiably think of two 
sources for the orbit-lattice interaction which modulates 
the Stark splitting for the odd electron. One source 
involves the internal vibrations of the ion itself which 
produce fluctuating local electric fields over the orbit 
of the electron, and the other is the solvent as its 
randomly moving water dipoles also produce fluctual ing 
local fields over the electron orbit. 

Whereas a theoretical investigation of the interaction 
(56) presents grave difficulties for a free radical ion 
about which we know so little concerning the odd 
electron wave function, experiment may be able to 
distinguish which source of the crbit-lattice interaction 
is dominant, provided, of course, that spin-orbit coupling 
is involved in determining the WR value measured 
experimentally. In order to shed some light on this 
important question, we brush aside our ignorance of 
the quantum nature of the motions and suppose that, 
for some fortuitous reason, the spectrum of their vibra- 
tions influences the Raman processes for ON(S03)r ~~ 
approximately as it does for Ti"1"1" in titanium alum. 
For the latter Van Vleck obtains about 10* sec-1 as the 
reciprocal relaxation time (which is essentially our W«) 

/ 

" M. Mizushima and S. Koide, J. Chem. Phys. 20, 765 (1952). 
"L. I. Schiff, Quantum Mechanics (McGraw-Hill Book Com 

pany, Inc., New York, 1949) 
" Reference 9, n  130. 
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FIG. 6. The two lowest orbital levels. 

due to Raman processes at normal temperatures and 
low fields. 'rhe matrix element in the transition proba- 
bility is proportional to A/A3, where Van Vleck takes A, 
the Stark splitting, to be about 1000 cm-1 and X/A to 
be about 1.5X10-1. For free radicals, A may well be 
about the same as for titanium alum, but X/A is 
much smaller; the spectroscopic splitting factor for 
ON(S03)2__ is 2.0055, measured in high fields,2* indi- 
cating that X/A=10~3. Since WR is proportional to the 
square of the matrix element, our utterly crude adjust- 
ment of the titanium result simply scales it down by 
the square of the ratio of the respective X's. giving 
WK~1Q

6
 sec-1. In view of the high power of A involved 

and our wild approximations, this can hardiy be called 
disagreement with the measured W«, 2X10S sec-1. 

It is thus entirely possible that spin-orbit effects do 
lead to the observed WR, and experiments are underway 
i:i this laboratory to examine whether it may be the 
solvent or the internal vibration of the ion which 
provides the orbit-lattice interaction. 

14. RELAXATION THROUGH STATISTICAL 
PROCESSES OF SECOND ORDER 

An interesting possibility for relaxation is brought 
out by our detailed expression (15) for the relaxation 
probability. In Van Vleck's calculation, discussed in the 
previous section, the quantity estimated corresponds 
or.ly to 77?i. and nothing has yet been said about the 
remaining function of U's in Eq. (15). Although this 
function may, as in Sec. 9, normally be small compared 
to U%i, such may not be the case if one must go to 
second or higher orders to obtain a nonvanishing Urn. 
Physically, this means that a relaxation mechanism 
which does not produce direct transitions between the 
levels under consideration may still effect relaxation by 
first carrying systems to a third level and then to the 
second. Such a process is second order in a statistical 
rather than a perturbation theory sense, i.e., energy is 
conserved for both transitions, wherea* the secoe.d- 
order quantum perturbation transition probability does 

* J. Townsend (unpublished). 

not require energy conservation for the intermediate 
state. 

The simple model of Kronig24 is adequate for appli- 
cation of this idea to a free radical ion with spin- 
orbit coupling. We suppose that the odd electron of 
ON(SO.i)2

-- is subject to a molecular Stark field which 
splits the orbital states into widely separated levels. 
For simplicity in illustrating the point, we follow Kronig 
by supposing that the two lowest orbital levels (see 
Fig. 6) are separated by energy A, whereas other orbital 
states have much higher energies and need not be 
considered further. Let these two orbital states, which 
retain their spin degeneracy, be x// and <f>. Then, if a 
and jS refer to spin states H 5 and — J, respectively, 
the effect of a spin-orbil interaction XLS is, to first 
order in X/A, to produce the following mixtures of the 
unperturbed functions fa, ij/ft, <txx, and <£/3: 

X X 
^i = fa hpa a*j>fi, 

A A 

Here, 

X X 
*2 = ^/S-| a*<pa-\ Ixpp, 

A A 

X X 
4'3 = <f>a oif/a aipfl, 

A A 

X X 
** = <#H-    a*fa-\—W. 

A A 

(57) 

•iji -*J <f>(L,+iLy)+dT,    b^\ l^L^dr^-b*.    (58) 

In Eq. (58), <t> is not denoted complex conjugate since, 
under the conditions of quenched orbital angular 
momentum, J,<t>ht>dT=J'iphf/dT = 0, it is possible to 
express <j> and \p as real numbers.17 

If one sets up Eqs. (9) and (10) and solves for the 
saturation factor and for WR associated with transitions 
between *i and ^2, he finds the following result- 

WM<mSZW\ (59) 

In obtaining Eq. (59), one uses Ui2=0=U3i, as ob- 
tained from Eqs. (57). Also, in terms of absorption prob- 
abilities, the wave functions yield Uu/Uu^Un/Uu 
= (X/A)2. The relation (32) between absorption and 
emission holds, e.g., 

£/<i= U»e*lkT. (60) 

Here, contrary to cases previously cited, the expo- 
nential factor is far from unity if A corresponds to 
about 1000 cm-1 (A/£r~5 at room temperature) and 
the resuit for ii"« has been simplified by dropping 
absorption probabilities relative to emission proba- 
bilities. 

i 
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We can evaluate Uu from Eq. (32) in which it must 
be recalled that we now require j(vjt) at vlk^L/h 
= 3X10" sec"'. If we take Fop(l,J) = \ in En. (32) and 
denote 

IS. SUMMARY 

<(4|/to|l)|*>* 

IX   i2 
A vi r r l\ 

= — a\ \\    ^f(t)4>dr~ j 0/(r)*rfT   ) 
|A   |   \\J J /. i 

|X   |> 

IA 
(61) 

where S2 is a measure of the mean square of the electric 
interaction /(r) which modulates the Stark effect, 
then, by Eq. (32), 

Q; 

we have 

In water solutions of the free radical ion ON (SO»)r ~ 
width of the paramagnetic resonance seems to be 
determined by spin-lattice relaxation processes, at least 
for solutions sufficiently dilute to exhibit well-resolved 
hyperfine structure. The achievement of statistical 
equilibrium among the various hyperfine levels in low 
magnetic fields is more complex than in a simple two- 
level system. Where saturation methods are used, the 
relaxation probability is suggested as a more precisely 
defined quantity than the relaxation time. 

At very low concentrations, the relaxation proba- 
bility for the particular transition sludied reaches a 
concentration-independent value of 2X10" sec"1. Inter- 
action between the free radical and nuclear dipoles of 
the solvent is demonstrated to be an inadequate mecha- 

_      .   ./*   V /A\ "ism both experimentally and theoretically. The inter- 
Uu-H   \a\ I — 6 I jl — I. (62)     action of the N14 quadrupoie moment of ON(S03)2-~ 

" '     ' with the fluctuating electric field gradient due to the 
solvent is shown on the basis of an upper limit estimate 
to be an inadequate mechanism. 

On the basis of very crude estimates, it is likely that 
spin-orbit coupling enables the spins to feel the effects 
of modulation of the Stark splitting which quenches 
electronic orbital angular momentum. However, it is 
not certain whether internal vibrations of the free 
radical ion or motions of the solvent molecules, or both, 
effect the modulation. 

If the spin-orbit coupling is involved, an interesting 
possibility is that, for saturation experiments at least, 
statistical second-order processes in contrast to the 
quantum mechanical second-order processes of Van 
Vleck may be responsible for the observed relaxation. 

nee |a\-~ 1 and j(A/h)~l/(2wA2Tc/k
2) for A//;> l/r«. 

wK=hUu' &m (63) 

Taking WR=2X10e sec"1, X/A= 10-', and T€= lO"" for 
water solutions at room temperature, one finds that, if 
this mechanism is to be adequate, 5/A would have to 
be the order of unity. It is not unreasonable that the 
fluctuating Stark interaction arising from motions of 
the strong water dipoies or the internal vibrations cf 
the ion might be comparable to the static Stark inter- 
action, although the perturbation procedure would be 
somewhat strained in that event. 

Again, the crudeness of our estimate does not lead us 
to very positive conclusions, but relaxation via the 
statistical second-order processes is not ruled out. 

Whether quantum-mechanical or statistical second- 
order processes are involved in determining WR, the 
experiments now in progress, which are aimed at 
distinguishing between the source of the modulating 
Stark field (internal vibrations in the ion or Brownian 
motions of the solvent), will serve a useful purpose. 
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Symmetry Classification of the Energy Levels of Some Triarylmethyl 
Free Radicals and Their Cations* 
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The absorption and luminescence spectra of triphenylmethyl, tri-p-xenylmethyl, phenyl-di-p-xenylmethyl, 
diphenyl-p-xenylmethyl, aid their cations have been determined. Polarization of the luminescence of each 
substance under excitation by plane polarized light has been examined. Assignment of symmetry classifica- 
tions to the energy levels of these substances has been attempted. 

IT*' this paper we describe our studies of the spectra of 
a set of triarylmethyl free radicals and their positive 

ions. The experiments consist of observations of the 
absorption spectra, the fluorescence spectra, and polari- 
zations of the fluorescence spectra under excitation by 
polarized light. From a combination of these observa- 
tions and some assumptions which appear to be not 
excessively bizarre, we have attempted to assign sym- 
metry classifications to the electronic levels of the 
molecules under study. These molecules are tri- 
phenylmethyl, dipheny!-p-xenylmethyl, phenyl-di-p- 
xenylmethyl, tri-p-xenylmethyl, and their positive ions. 

EXPERIMENTAL PROCEDURES 

The free radicals were prepared by standard proce- 
dures.1,2 Pure tri-p-xenylcarbinol was provided by Pro- 
fessor Lipkin. Diphenyl-p-xenylcarbinol and phenyl-di- 
p-xenylcarbinol were prepared by appropriate Grignard 
reactions. Their melting points were 135°C and 150- 
151°C (uncorrected), respectively, as compared with the 
accepted values of 136°C and 151 °C. Triphenyl methyl 
w-Oa prepared from commercial triphenyl-chloromethane 
which had been purified by vacuum sublimation. 

The solvent for the free radicals was a mixture of 
toluene and triethylamine containing 20 percent by 
volume of triethylamine. The absorption spectra were 
measured Loth at room temperature and liquid nitrogen 
temperature with a Beckman modol D. U. spectropho- 

* Assisted by the joint program of the U. S. Office of Naval 
Research and U. S. Atomic Energy Commission. 

1 Lewis, Lipkin, and Magel, J. Am. Chem. Soc. 66, 1579 (1947). 
1 T. L. Chu and S. I. Weissman, j. Am. Chem. Soc. 73, 4462 

(1951). 

tometer.3 The spectra at liquid nitrogen temperatures 
were checked by photography with an A.R.L. grating 
instrument. The fluorescence spectra were observed only 
from glassy rigid solutions at liquid nitrogen tempera- 
ture. These were photographed with a Steinheil 
spectrograph. 

The absorption and luminescence spectra of the free 
radicals are presented in Figs. 1-5, of the cations in 
Figs. 6-10. 

Polarizations of the fluorescence were determined 
both by visual observation and by photography. The 
experimental arrangement, involving excitation in two 
almost contiguous strips by beams of equal intensity 
and mutually perpendicular polarization, has been de- 
scribed previously.4 

Wavelength 

FIG. 1. Absorption spectrum of triphenylmethyl. Dashed curve 
at room temperature, *olid curve at 77'K. One centimeter 
path length. 

3 The free radicals were prepared  under high  vacuum.  The 
absorption and fluorescence cells were in every case sealed off. 

'S. I. Weissman, J. Chem. Phys. 18, 1258 (1950). 
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Wavelength 

FlC. 2. Absorption spectrum of diphenyl-p-xenylmethyl. Dashed 
curve at room temperature, solid curve at 77°K. One centimeter 
path length 

Wavelength 

FIG. 3. Absorption spectrum of ph«"ny! di-p-zenylmethyl. Dashed 
curve at room temperature, solid curve at 77"K. One centimeter 
path length. 

The solvents employed for the cations were syrupy 
phosphoric acid (90 percent H3FO«) and phosphorus 
oxychloride. The carbinols were dissolved in the former, 
the chlorides in the latter. The phosphoric acid solutions 
form clear rigid glasses at low temperatures; these were 
used for observations of the luminescences of the 
cations. Phosphorus oxychioride is not suitable for use 
at low temperatures, but yields better transparency in 
the ultraviolet than phosphoric acid. 

CLASSIFICATION OF LEVELS 

Classification of the electronic levels requires knowl- 
edge of the symmetries of the equilibrium configurations 
of the molecules. In the absence of direct structure 
determinations we have assumed the following sym- 
metries: for triphenylmethyl, tri-p-xenylmethyl and 
their cations C3 (somewhat distorted from Dih);' for the 
other molecules Ci (distorted from C2v). Let us consider 
first the molecules of trigonal symmetry. Both a simple 

* We have not taken into account the distortion through the 
Jahn-Teller effect of these molecules from G in some of their 
excited states. We have chosen the symmetry C, rather than Dt, 
because the latter does not permit mixing of s orbitals with p 
orbitals. The results of paramagnetic resonance studies of tri- 
phenylmethyl require such mixing. 

molecular orbital theory' and a valence bond treatment7 

lead to the assignment A" (in symmetry D3h) io the 
ground state of triphenylmethyl. We accept this assign- 
ment (A in symmetry C») and make further assignments 
on this basis. Should this assignment require correction, 
all the rest of our assignments may be corrected in a 
straightforward way. 

In the absence of detailed calculations we assign the 
same classification (At" in D-Ji, A in C3) to the noimal 
state of tri-p-xenylmethyl. 

The normal states of the cations, since these are even 
electron molecules, are in all likelihood totally sym- 
metric. 

Each free radical possesses a system of weak absorp- 
tion bands in the visible,8 and an intense absorption in 
the near ultraviolet. The strong absorptions we assign to 
allowed transitions. The only allowed transition from 
A 2" consistent with the a- electron hypothesis is 10 an 
E" state. Hence we label the excited states responsible 

Wavelength 

FIG. 4. Absorption spectrum of tri-p-xenylmethyl. Dashed 
curve at room temperature, solid curve at 77°K. One centimeter 
path length. 

Wavelength 

FIG. 5. Densitometer tracings of luminescence of free radicals. 
 tri-p-xenylmethyl; phenyl-di-p-xenyl methyl; - 
diphenyl-p-xenyl methyl. (Our cur»e for triphenylmethyl is 
indistinguishable from the one g-- ^n by Lewis, Lipkiri, and 
Magel.) 

• E. Huckel, Z. Physik. 83, 632 (1933). 
' L. Pauling and G. W. WhelanH, J. Chem. Phys. 1, 362 (1933). 
* The approximate oscillator strengths are: tri-p-xenylmethyl, 

0.02 phenyl-di-p-xenylmethyl 0.014; diphenyl-p-xenylmethyl 
0.005. The value for tri^honylmethy) is uncertain, because of 
strong association, but it is in the same range as the others. 

U 
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for the strong near ultraviolet absorption in triphenyl- 
methyl and tri-p-xcnylmethyl E' in symmetry D%h, E 
;n symmetry C}. 

Classification of the states responsible for the weak 
absorptions in the visible is facilitated by the polariza- 
tion data. Lewis, Lipkin, and Magel1 have observed that 
the triphenylmethyl fluorescence spectrum with its 
complex vibrrstional structure and the weak absorption 
are accurate mirror images of each other. The peak of 
shortest wavelength in fluorescence and the peak of 
longest wavelength absorption almost coincide. Kence 
the short vavelength fluorescence peak probably corre- 
sponds to a vibrationless transition. Its polarization is 
determined by the nature of the electronic states in- 
volved, while the polarization of the other p^aks 
involves also the nature of the associated vibrational 
modes. When the fluorescence is excited by plane 
polarized light which is absorbed in the intenav; ultra- 
violet band, the "vibrationless" fluorescence peak is 
polarized at right angles to the polarization of the 
exciting light.9 Since the intense absorption involves a 
transition with electric moment perpendicular to the 
trigonal axis of the molecule we conclude that the O- O 

2 A 

Wavelengt'i 

FIG. 8. Absorption spectrum at roorr 
p-xenyl carbonium ion. Dashed curve 
curve in phosphorus oxychloride. 

temperature of 
in phosphoric 

phenyl-di- 
acid, solid 

Wavelength 

FIG. 6. Absorption spectrum at room temperature of triphenyl 
carbonium ion. Dashed curve in phosphoric acid, solid curve in 
phosphorus oxychloride. 

Wavelength 

FIG. 7. Absorption spectrum of diphen;! p-xenyl carbonium 
ions at room temperature. Dashed curve in phosphoric acid, solid 
curve in phosphorus oxychloride. 

'The polarization ratio is approximately 0.9. 

Wavelength 

FlG. 9. Absorption spectrum at room temperature of tri-p-xenyl 
carbonium ion. Dashed curve in phosphoric acid, solid cirve in 
phosphorus oxychloride. 

transition occurs with electric moment parallel to the 
trigonal axis. Such a transition is forbidden (under the 
7r-electron hypo'hesis) if the molecule possesses a reflec- 
tion plane perpendicular to the trigonal axis. The O—O 
transition becomes partially allowed by distortion from 
the completely pianar configuration. The propeller 
distortion or noncoplanarity of the four central carbon 
atoms or a combination of these effects is probably 
involved. 

Because of incomplete resolution of the vibrational 
peaks reliable determination of the polarisations of the 
individual vibrational transitions is not possible. Never- 
theless from the sign of the polarization at each maxi- 
mum a guess as to the direction of the associated mo- 
ment may be made. The signs of the polarizations and 
the guesses as to the nature of the various vibrations are 
given in Table I. These guesses are based on the 
assignment of classification A in C3(Ai" in D3h) to the 
excited electronic state. This assignment in turn is based 
on the polarization of the vibrationless transition. 

For tri-p-xenylmethyl the situation is less clear cut. 
In the first place we note that the short wavelength 
fluorescence peak occurs at a considerably shorter wave- 
length—6200A—than the long wavelength absorption— 
6500A. Excitation at 6500A leads to no fluorescence. 
Certainly the fluorescent state and the state responsible 

>j—"i 
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as 
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FIG. 10. Ucnsitometer tracings of luminescence spectra of 
triphenyl carbonium tons. A. Triphenylmethyi carbonium. B. 
Diphenyl-p-xcnyi carbonium. ('. Phenyl-ili-p-xenyl carbonium. D. 
Tri-p-xenyl carbonium 

for the absorption at 6500A are distinct. Our conclusions 
which are dependent on polarization of fluorescence 
apply to the fluorescent state. 

The strong absorption near 4000A (*~4X 104) we 
have associated with an a!'owed transition to an E" 
state. The second peak at a frequency 1500 cm-1 higher 
than the main peak corresponds, we believe, to a 
transition to one of the vibrational levels of the E state 
rather than to another electronic state, or to absorption 
by an isomeric molecule. Excitation in each of the peaks 
separately yields the same fluorescence spectrum v ith 
the same polarization. 

The fluorescence, when excited by plane polarized light 
of wavelength 4000A is positively polarized, with the 
polarization ratio between 1.2 and 1.3. Since a polariza- 
tion ratio of 1.33 is anticipated for excitation by an 
At"—*E" transition with subsequent emission by an 
E"-+Ai' transition, we conclude that the weak transi- 
tion occurs mainly through perturbation by assymetric 
vibrations of species e. Since the vibrational structure of 
the fluorescence is not nearly so well resolved as in the 
case of triphenylmethyi we are unable to make detailed 
assignments as we did in that case. It seems likely thai 
in Cz the symmetry of the excited electronic state is A 
and that e vibrations are responsible for most of the 
observed transition moment. 

For both phenyl di-p-xenylmethyl and diphenyi-p- 
xenylmethyl, the strong ultraviolet absorption contains 
two well-separated peaks, which condition we believe 

TABLE I. Classification of vibrational levels of triphenylroetliyl 
from polarization of luminescence. Symmetry C« is assurr. >. V is 
the frequency of the peak in question, l'o the frequency ot the 
0-0 peak. 

Sj>ecie9 of associ- 
V"» — I' (cm-1) I'olari/alion ated vibration 

0 
230 
670 
970 

negative 
[>ositive 
negative 
uncertain 

1080 uncertain 
1550 
1850 

negative 
positive 

2210 
2510 

negative 
negative 

if' 

correspond."; to the "splitting" of the doubly degenerate E 
stateof the triphenylmethyi and tri-p-xenylmethyl under 
the lower symmetry. The behavior of diphenyl-p- 
xenylmethyl corresponds well to this supposition. Ex- 
citation in the peak at 3850 leads to fluorescence with 
strong positive polarization; excitation at 3400 leads to 
fluorescence of negative polarization. Hence absorption 
in the two bands must occur with transition moments 
perpendicular to each other. Further, the fluorescence, 
as in tri-p-xcnylmethyl occurs with moment in the 
plane (since this moment is parallel to r>ne of the 
"allowed" moments). 

Similar behavior is exhibited by phenyl-di-p-xenyl- 
methyl. The absorption in the visible is not forbidden 
in C2t or Cs symmetry. Excitation in the band at 4100A 
leads to strong positive polarization, at 3800 to weak 
positive polarization, and at 36O0A to practically no 
polarization.10 The first two peaks we ascribe to vibra- 
tional levels of a single electronic state, the third peak to 
another electronic state. 

A summary of the positions of the electronic levels 
and the assignments is given in Table II. 

TABLE II. Classification of the levels of the !rec radicals. Two 
classifications are given for each level. The first corresponds to the 
approximate symmetries D:h nv (';!', the second in parentheses, to 
the symmetries C? or C-. 

Triphenyi 
methyl 

Tri-p-xenyl" 
rttfthyl 

Ocm"': At"(A) 
19400 cm': .4i"(.4) 
29 0O0 cuff."'(K> 

0 cm' 
16 400 cm 
M «00 cm- 

•: .4 ,"(.!> 
•:.4i"M> 
' F."(K) 

IVienyl-di-p- 
xcnylmethyl 

Ocm"': fli(fl) 
16 400 cm"':.4,(.41 
24 400 cm-': .4,(.4) 
87800 cm-' «i(«) 

l)ipheiiyl-|>- 
xrnyimethyl 

Ocm"': »I(«I 
10 700 cm"': .4,(.l) 
26 700 ciir': ,4i(.4) 
29 000 cm ' /),(«. 

THE CATIONS 

The luminescence of the triphenylmethyi cation, 
since it seems to arise exclusively from a triplet stale, 
was no help in classification of the singlet states of this 
ion. We shall not consider here the nature of this triplet 
state. Since the broad absorption with peak at 4000A is 
very intense, there is little doubt that the excited state 
is an E state. Similarly the strong absorption at 5200A 
in the tri-p-xenyl cation is ascribed to absorption to an 
E state. The fluorescence of this ion, because of its 
position, is ascribed to the reverse electronic transition 
of the absorption. For excitation by an Ai—*E transition 
followed by E—*A\ luminescence a polarization ratio of 
1.33 is expected. Positive polarization of about this 
magnitude was found when the luminescence was ex- 
cited by light at 5500A. For both the phenyl-di-p-xenyl 
and diphenyl-p-xenyi cations the absorption in the 
visible is split into two bands, separated by about 4000 
cm-1. These bands we ascribe to transition to the two 
states into which the .5 state of triphenylmethyi or tri-p- 
xenyl cation splits under the lower symmetry. The 
polarization of luminescence of the phenyl-di-p-xenyl- 

10 In this case negative polarization is not achieved because of 
incomplete resolution of th   bands. 
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methyl cations are in complete accord with this assign- 
ment. Excitation in the long wavelength absoqjtion 
peak leads to a high positive polarization. The polariza- 
tion ratio is about 2.5 as compared with the theoretical 
maximum of 3.0. Excitation in the next band leads to 
strong negative polarization of the luminescence. Thus 
the moments for the two transitions must be at right 
angles to each other. 

The shorter wavelength absorption seems to differ 
considerably between the triphenylmethyl cation and 
the cations containing p-xenyl groups. All of the latter 
exhibit a strong absorption maximum («> 104) in the 
neighborhood of 2800 angstroms, while the former is 
relatively transparent (e<103) at this wavelength. A 
similar phenomenon occurs in the carbinols dissolved in 
non-ionizing solvents. At 2580 angstroms in methanol 
solution, triphenyl carbinol shows no absorption peak 
(«=~103) while dipheny!-p-xenyl carbinol, phenyl-di-p- 
xcnyl carbinol, and tri-p-xenyl carbinol each exhibit an 
absorption maximum with the extinction coefficients 
approximately in the ratio 1:2:3. (The values are 
2.4X104, 6XW, 9X104.) Wc suggest that absorption 
at 2800A in the cations as well as the absorption at 
2580A in the carbinols is to be ascribed to a "localized" 
excitation in the p-xenyl group.11 

" Wc use the term "localized excitation" to mean that the 
interaction between states in which the excitation energy is in a 
single p-xenyl group is not great enough to lead to an observable 
splitting. Thus for a molecule containing two p-xenyl groups, 
appropriate icro-order functions would be linear combinations of 
the functions which localize the excitation in single groups. If the 
energy difference between ihe state corresponding to these linear 
combinations is too small for observation, we speak of the excita- 
tion energy as "localized." 

Tutrv III. Classification "f He levels of the cations. The 
classifications are given in sym letry D3h fur triphenyl carbonium 
and tri-p-xenyl carbonium i<...s, C> for diphenyl-p-xenyl car- 
bonium and phenyl-di-p-xenyl carbonium ions. 

Triphenyl Tri-p-xenyl I'tienvl din xrnv 1 )i pUenyl p-xcnvl 
carbonium carbonium caro.ni!! m carbonium 

(! rm  •: A-.' 0 cm-1: AC 0 cm" ': A, 0 cm-': A i 
11000 c r > ;•:' 17 20(1 rm"': E' i; 2m; cm ' .4, 17 900 cm"': A , 
.is (Hill i.    >:/).' IS ft(H) cm'- At' 21 700 cm ': tit 2.1 500 cm ••: /)- 
toono em"'? 3ft OOO cm"': K'. 

and At' 
2« 20(1 cm 

.Id 000 cm 
anil B- 

•: .1 I 

':.•!• 

.17 IMM1 tni-'r A: 

A consequence of this suggestion may easily be tested. 
For diphenyl-p-xenyl cations, the state in which excita- 
tion is localized in the single-p-xenyl is nondegenerate. 
Excitation by polarized light at 2800 angstroms should 
lead to a high positive polarization if emission from the 
fluorescent state occurs with a transition moment 
parallel to that of the absorption moment, to negative 
polarization if the moments are perpendicular. Measure- 
ment reveals a high positive polarization. 

For phenyl-di-p-xenylmethyl cations, a much smaller 
degiee of polarization is expected since excitation in the 
two p-xenyl groups may occur both with a moment 
parallel to the two fold axis and with a moment perpen- 
dicular to the axis. Under the assumption that excitation 
in the p-xenyl group occurs with moment along the long 
axis, we anticipate a polarization ratio of 13/11 = 1.2. 
About 1.1 is observed, as contrasted to a ratio greater 
than 2 for the ions containing but one p-xenyl group. 

If we accept the assumption that the absorption at 
?800 angstroms in the p-xenyl group occurs v.ith mo- 
ment along the long axis, we are led to the assignments 
given in Table III. 

AE 
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Paramagnetic Resonance Spectra of Wurster's 
Free Radical Ions* 

S. I. WEISSMAN 
Washington University. St. Louis. Missouri 

(Received March 22. 1954) 
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THE complex hyperfine structure in the paramagnetic reso- 
nance spectrum of Wurster's blue free radical lor. has been 

described in an earlier communication1 from this laboratory. The 
spectra of a series of related free radicals have since been ob 
served. Further, the spectrum of Wurster's blue ion, re-examined 
under higher sensitivity, has been found to contain thirty-nine 

TABLE I. S|>ectra of positive ions cf £ phenylenediaminal derivatives. 

Nature of si>ectrum 

NNN'N' tetramethyl 
(Wurster's blue) 

NN dimethyl 
(Wun'er's red) 

NN dimethyl-N'N' 
dideutero 

NN' dimethyl 

N methyl" 

Unsubstituted* 

Thirteen triplets 7.4 oersteds between centers of 
triplets; 2.1 oersted between members of each 
triplet. 

Twenty-seven almost equally spaced components. 
Interval 2.8 oersteds. 

Seven groups. Interval between groups 8.5 oer 
steds. Each grout) contains at least three com- 
ponents. Two more weaker groups may be 
present. 

Nine groups. Interval between groujw* 9.5 oer- 
steds. Each group is complex, containing at least 
three components. 

Twenty-four almost equally spaced lines. Interval 
about 2 oersteds. 

Fifteen hues; interval abou: 2 oersteds. 

* Because of the instability of these free radicar. their spectra were 
taken at sweep rates too rapid for trustworthy recording. 

lines disposed in thirteen triplets rather than thirty-three lines in 
eleven t iplets as previously reported. 

A descripti.'-. of the spectra of the free radicals (listed according 
to the names of the parent paraphenyienediamines) is given in 
Table I. The spectra of all the free radicals except the positive ion 
of NN dimethyl N'N' dideutero-^-phenylenediamine were /,K- 
served from dilute solutions in ordinary water; the ian<:r was 
dissolved in heavy water. 

Unambiguous assignment of the origin of most of the splittings 
cannot yet be made. Comparison of the spectra of the NN di- 
methyl and NN dimethyl N'N' dideutcrc derivatives leads, how- 
ever, to assignment of the 2.8-oersted interval in the former to 
interaction of th<- unpaired electron with the two amino protons. 
This splitting corresponds to a value of W, the square of the 
waVe function ui the unpaired electron, at each of these positions 
ot 11.2X10" cm"1 as compared with aooOXlO^cm""8 at the posi- 
tion of the proton in a lj hydrogen atom. The 8.5-oersted interval 
in the dideutero compound may arise from interaction with the 
methyl protons. This assignment leads to a value 33X10** cm-3 

for | ^ | * at each of these positions. Summed over the six equivalent 
methyl protons, |^|* is about ten percent of the hydrogen lj 
value. For the other compounds no assignments coniplttely con- 
sistent with the observations have yet been devised. It is hoped 
that the investigations now being carried out in this laboratory of 
various isotopically substituted derivatives of these iree radicals 
will lead to detailed interpretations of the splittings. 

* Assisted by the joint program of the U. S. Office of Naval Research 
and U. S. Atomic Energy Crmmission. 

i Weissman. Townsend. Paul, and Pake. J. Chem. Phys. 21. 2227 (1953). 
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ELECTRON  TRANSFER  BETWEEN  NAPHTHALENE 
NEGATIVE ION AND NAPHTHALENE' 

Sir: 
We have investigated the electron transfer reac- 

tion between naphthalene negative ion and naph- 
thalene dissolved in tetrahydrofuran by a spectro- 
scopic method. 

Naphthalene negative ion, in dilute solution in 

Fig. 1.—Firsi derivative with respect to magnetic field 
versus magnetic field of the paramagnetic resonance absorp- 
tion of naphthalene negative ion: upper curve (CioHa~) = 5 
X 10-* M, (CioH,) - 0.0; lower curve (CioH,") = 5 X 10"* 
M. (C.,H.) =- 0.35 M. 

tetrahydrofuran, possesses a complex paramagnetic 
resonance absorption spectrum of twenty-eight 
lines.1 The lines are hyperfine components arising 
from interaction between the magnetic moment of 
the unpaired electron and the magnetic moments of 
the protons in the naphthalene negative ion. 

For our purposes it is convenient to describe the 
spectrum by means of the reciprocal line breadths 
and reciprocal intervals. The reciprocal breadth of 
the individual lines, in dilute solutions of the sodium 
salt of naphthalene negative ion, is 6 X 10-r sec- 

{1} This research w.-w supported by the United States Air Force, 
through the Office of Scientific Research of the A ir Research (uxd De- 
velopment Command. an<l by the joint program of the U. S. Office 
of Navai Ptses.;_cb and U. S. Atomic Eiic.^y C .: .mission 

onds; the reciprocal intervals are in the neighbor- 
hood of 3 X 10-7 seconds. 

When naphthalene is added to a dilute solution of 
naphthalene negative ion, the paramagnetic reson- 
ance spectrum of the latter is altered. Addition of 
a small amount of naphthalene leads to broadening 
of the individual hyperfine components. As larger 
amounts of naphthalene are added the hyperfine 
components merge into a single peak with broad 
tails extending beyond the region encompassed by 
the original hyperfine pattern. 

A representative pair of spectra taken at 30°, one 
with the naphthalene negative ion at a concentra- 
tion of 5 X 10~4 M and with no added naphthalene, 
the other with naphthalene negative ion at 5 X 10-4 

M and naphthalene at 0.35 M are given in Fig. 1. 
(The spectra are displayed as first derivative of ab- 
sorption with respect to magnetic field versus field.) 
The broadening of the individual lines may be ob- 
served by direct measurement, by the merging to- 
gether of close components, and by the decrease in 
amplitude between maxima and minima.' 

The line broadening in the presence of naphtha- 
lene we ascribe to the transfer of electrons from 
naphthalene negative ions to naphthalene mole- 
cules. Such transfer limits the lifetimes of the 
quantum states responsible for the hyperfine pat- 
tern and consequently broadens the lines. Accord- 
ing to this interpretation of the line broadening the 
mean lifetime of an individual naphthalene negative 
ion in the presence of 0.8 M naphthalene is 1.2 X 
10~6 second. Under the assumption that the elec- 
trou transfer follows a second order rate law, the 
rate constant at 30° is 1.0 X 10« liter mole-' sec.-1. 

The method here described does not depend, as 
do most rate determinations, on some method of dis- 
tinguishing reactants from products. The observa- 
tions reveal directly the quantity of interest—the 
mean time during which a particular configuration 
persists undisturbed. 

DEPARTMENT OP CHEMISTRY 
WASHINGTON UNIVERSITY 
ST. LOUIS, MISSOURI 

RECEIVED MAY 24, 1954 

R. L. WARD 
I. WEISSMAN 

(2) D. Lipkin, D. E. Paul, J. Towu^end and S. I. Weissman, Science, 
lit, S34-535 (1953); S. I. Wiijsman, J. Towr.send. D. E. Paul and 
G. E. Pake. J.Chem. Phys., 11, 2227(1953); D. E. Paul, Ph.D. Thesis, 
Washington University, 1954. 

t3) Under the conditions prevailing in this experiment tno amplitude 
is proportional to the square of the reciprocal liu? breadth. 
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A Study of Manganous Complexes by 
Paramagnetic Resonance Absorption 

THE paramagnetic resonance absorption of unstable 
metal complexes in aqueous solution has been 
explored and has been applied to the measurement 
of dissociation constants of such complexes. The 
method has the obvious limitation, in common with 
other magnetic methods, that direct measurements 
are confined to those ions and molecules which are 
paramagnetic. On the other hand, the method, in 
common with other spectroscopic methods, has the 
advantage that it can measure directly and rapidly 
the concentration of the free metal ion in solution 
without disturbing any pre-existing equiUbrium state. 

Manganous ion in dilute solid or liquid solution 
exhibits a hyperfine structure in its absorption when 
investigated by the paramagnetic resonance absorp- 
tion method1. The existence of this hyperfine 
structure with its sensitive dependence on the chemical 
environment of the manganous ion and on type of 
bond in the molecule, coupled with the widespread 
biochemical activity of manganous ion, led us to 
initiate our studies with this ion. 

The apparatus used in these studies records the 
derivative of the absorption curve with respect to 
magnetic field as a function of the field.  Fig. 1 shows 

Fig. 1.   Hecordfof the derivative of the paramagnetic resonance 
absorption versus magnetic field of an aqueous solution of man- 

ganous chloride (0 005 M) 



a typical record of the spectrum of an aqueous solu- 
tion of manganous chloride (0 005 M), which was 
scanned from approximately 2,950 to 3,450 gauss m 
5 min. with a modulation of 4 gauss and a micro- 
wave frequency of 9,000 Mc./s. Similar spectra can 
be obtained at concentrations ranging from 0-001 M 
to 0 5 M with approximately 0-1 ml. solution. The 
height of the derivative curve from the maximum to 
the minimum was found to be a linear function of 
the concentration of my-nganous ion in the range in- 
vestigated, namely, 0-001-0 01 M, and it was there- 
fore unnecessary to integrate the curves to obtain 
the concentration. 

The   phenomenon   which   made   it   possible   to 
calculate dissociation constants was the disappear- 
ance of the hyperfine spectrum when the manganese 
formed a complex ;   the height of the peaks corre- 
sponded to the concentration of free manganous ion. 
When an equimolar concentration of ethylenediamine 
tetraacetic acid was added to a manganous chloride 
solution at pH 7 -5, tne peaks disappeared completely. 
A group of phosphate esters was investigated and it 
was found, for example, that with a series of increasing 
concentrations of glucose-6-phosphate, progressively 
smaller peaks were obtained corresponding to pro- 
gressively lower concentrations of free manganous 
ion, as shown in Table  1.    From theae results, a 
dissociation constant 4-76 x 10-* M/litre for a com- 
plex of one manganese ion with one divalent glucose- 
6-phosphate ion can be calculated.   The dissociation 
constant for glucose-1-phosphate was found to be 
6-18 ±0-10 x 10-3,   and   those   of   other   mono- 
phosphate compounds were of the same order.   The 
dissociation constants for adenosine diphosphate and 
triphosphate at pH. 7 »5 were too small to b© measured 
because of the limited sensitivity of the apparatus 
now available.     When 0-001 M adenosine diphos- 
phate or triphosphate is added to  0-001 M man- 

Table 1.   DISSOCIATION CONSTANT OF THE MANGANESB OLUCOSH-6- 
PHOSPHATE COMPLEX 

Initial concentration, MnCl, 0-005 Af (trifl-(hydroxymethyl)-amino- 
methane buffer, 0-05 M), pH = 7-48, T = 33° C. 

(Mn'+) (P-P-OPO,*-). 
K  ~      (MnG-6-OPO.) 

Initial concentration 
glucose-6-phosphate 

(M/Ut.) 

Final concentration 
Mn'+ (M/llt.) 

K x 10» 
(Affllt.) 

0 0067 
0 0114 
0 0171 
0 0228 

0 00296 
0 00187 
0 OC138 
0-00100 

4-90 
4 66 
4-96 
4 52 

Average : 4 -76 ±0-17 



Table 2.   DISSOCIATION CONSTANTS OP MANGANESE COMPLEXES 
Tri8-(hydroxymethyl)-aminomethane buffer, 0 05 M,  pH  7-5,  T •• 

33° C. 

Complexing agent K (M/llt.) 

Malonic acid 
Gflyeylglycine 
nistiulno 

2-20 ± 0 26 x 10"» 
1 45 ± 0 10 x 10-' 
1-76 ± 0 16 K- 10-' 

ganous chloride at pH. 7*5, the hyperfine structure 
corresponding to the free mangano us ion can no 
longer be observed. This result sets an upper limit 
on the dissociation constants for these compounds 
of 2 x 10-8 M/litre. 

Several other types of complexes were investigated 
and the dissociation constants are summarized in 
Table 2. The values for malonic acid and glycyl- 
glycine agree in order of magnitude with those de- 
termined by other methods (ref. 2) : differences in 
temperature and concentrations may account for 
the observed differences. However, the dissociation 
constant for the complex with the imidazole group 
of histidine is approximately one hundred times 
larger than the value obtained by titration (ref. 3). 
It msvy be that the assumptions involved in the 
titration method are not correct, for a compound 
with three ionizing groups ; the shift observed in 
pH may be due to the effect on the acid strength of 
x,he amino-group in the manganese complex formed 
between the carboxyl group and the imidazole group, 
rather than to complex formation itself- It should 
be pointed out that the temperature was not con- 
trolled in these experiments, and the temperature in 
the cavity was about 33° C 

The disappearance of the hyperfine structure in 
the complexes studied gives some insight into the 
type of bond. The explanation of the hyperfine 
splitting due to manganous ion in solution, that is, 
of the isotropic component of the hyperfine splitting, 
as given by Abragam and Pryce*, is the admixture 
of the electronic configuration (3s)1 (3*>)« (3d)6 (4s)1 

with the usual (3s)» (3p)« (3d)8. If the 4s orbital 
of manganous ion is occupied by electroi\s donated 
by other atoms in the complex, as it wo\ild be for 
any type of covalent bond formation, there could be 
no admixture of 4s and therefore no hyperfine 
structure. Changes in values of static magnetic 
susceptibility are limited to complexes in which the 
number of unpaired 3d electrons has changed ; thus, 
in manganous compounds a change in static magnetic 
susceptibility can be observed only when octahedral 
complexes with d'sp* covalent bonds are formed.  On 



the other hand, «*J1 possible types of covalont bond 
involve the 4a orbital and would lead to the dis- 
appearance of the hyperfine structure of the para- 
magnetic resonance absorption in solution. It may 
be that the presence or absence of the hyperfine 
structure will prove to be a more discriminating 
criterion oftype of bond, ionic or covalent, than the 
usual magnetic criterion. 

We have failed to detect the paramagnetic reson- 
ance, spectrum of any complex. There should be a 
single peak characteristic of the unfilled 3d shell of 
the manganese in the complex even though the hyper- 
fine structure disappears. Inability to detect such 
a peak is probably due to the lack of sensitivity of 
the apparatus for very broad peaks ; at maximum 
modulation amplitude, the sensitivity is invorsely 
proportional to the square of the width of the absorp- 
tion peaks. It is hoped that improvements in instru- 
mentation will permit extension of the method to a 
kinetic study of complex formation, in particular 
of metal-enzyme-substrate complexes, and also to 
the determination of dissociation constants of highly 
stable complexes. 

This investigation was supported in part by a joint 
programme of the Office of Naval Research and the 
Atomic Energy Commission ; part of the work was 
done (by M. C.) during the tenure of an established 
investigatorship of the American Heart Association. 
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